Abstract-Knowledge of the permanent magnet (PM) temperature in PM synchronous machines (PMSMs) is of great importance both for control and monitoring purposes. Increase in PM temperature during motor operation can degrade the magnetic flux strength and consequently the machine's torque production capability, and can also cause irreversible demagnetization of the PM. Direct measurement of the PM temperature is not viable in practice due to both cost and reliability issues. Indirect PM temperature estimation methods recently studied require knowledge of thermal or electrical model parameters or can have undesired effects on motor operation. In this paper, the feasibility of using low-cost Hall-effect sensors for PM temperature estimation is investigated. Hall sensors are present for detecting the initial position of the rotor in majority of PMSM applications for which incremental encoders are used for control. The proposed method can, therefore, be implemented with low or no additional cost. Experimental results on two interior PMSMs show that the method is capable of providing noninvasive estimation of the PM temperature without a priori motor parameter information for monitoring and protection against excessive increase in temperature.
I. INTRODUCTION

P
ERMANENT magnet (PM) temperature estimation in PM synchronous machines (PMSMs) is of great importance both for control and monitoring purposes [1] - [10] . For NdFeB magnet material, increase of the PM temperature reduces the PM strength and consequently degrades the torque production capability and operating efficiency of the machine. Furthermore, irreversible demagnetization can be caused by excessive increase in PM temperature or a combination of increase in PM temperature and demagnetizing armature magneto-motive force [10] , [11] , [14] . Therefore, it is important to monitor the temperature of the PM to avoid operation under excessive temperatures to prevent degradation in performance, efficiency, and reliability of the machine.
Direct measurement of the PM temperature is not a trivial task. Contact-type temperature sensors such as thermistors or thermocouples would require cabling to a rotating part through slip rings and brushes, or the use of a wireless transmission system [9] , [10] , [12] , [13] . Alternatively, noncontact sensors, i.e., infrared (IR), can be used [7] , [8] ; however, they are relatively expensive and require visual access to the magnet surface, which is feasible in many surface PMSM designs but not in most interior PMSM (IPMSM) designs. For all the cases, the use of temperature sensors increases the system cost and can cause reliability concerns. Therefore, direct PM temperature measurement is usually not implemented in standard machines.
As an alternative to direct measurement, PM temperature can be estimated. Temperature estimation reported in the literature includes thermal model based methods [3] - [6] , back electromotive force (BEMF) based methods [15] - [21] , and methods based on the injection of some form of test signal [7] - [13] . Thermal models require precise knowledge of the machine geometry, materials, and cooling system for obtaining a precise model for each machine design [3] - [6] . The drift in thermal model parameters due to reduction in the cooling capability commonly caused by obstructed cooling flow is known to cause errors. This can cause thermal model based temperature monitoring to fail considering that reduced cooling is an important cause of abnormal temperature rise. BEMF-based methods estimate the magnet temperature from the estimated PM flux linkage [15] - [17] . They can provide precise estimates of temperature 0093-9994 © 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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when the machine rotates above a certain speed, but are not viable when the machine operates at standstill or low speed. Furthermore, knowledge of the machine inductances is needed, which can significantly change with the operating condition of the machine [18] - [21] . Finally, signal injection methods require injection of an additional high-frequency signal superimposed on the fundamental excitation [7] - [13] . While these methods can operate at any speed, including zero speed, they can have some adverse effects on the operation of the machine (e.g., extra losses, noise, and vibration). Control of PMSMs requires rotor position measurement/estimation, as well as the magnet polarity detection prior to startup of the machine. The rotor position of PMSMs is typically measured using speed/position sensors, e.g., encoders, resolvers, etc. [28] - [31] , while the magnet polarity is commonly measured using digital Hall-effect sensors [22] - [26] . Consequently, commercial PMSMs are frequently equipped with both types of sensors [28] - [31] . A large variety of digital [22] - [26] and analog [28] , [30] , [32] - [34] , [41] - [45] Hall-effect sensors are available for this purpose. The main idea of the new method proposed in this work is to estimate the temperature of the PM using the flux measurements obtained from low-cost Hall-effect sensors [22] - [31] , [46] . For a majority of PMSM servo motor applications, it is possible to take advantage of Hall sensors available in the motor for initial position estimation with minor modification to the hardware. The signal provided by the sensors can be used to measure the magnetic flux strength, from which the magnet temperature can be estimated. Experimental test results on two IPMSMs will be provided to show that the proposed method can provide noninvasive estimation of PM temperature for monitoring and protection against excessive temperature rise with minor modifications to existing PMSM drives, and without motor parameter information.
II. HALL SENSOR-BASED ESTIMATION OF PM TEMPERATURE
Control of PMSMs requires knowledge of the absolute position of the rotor, meaning that some type of absolute position sensor is required. However, the majority of the PMSMs used for servo motor control applications rely on incremental encoder measurements for obtaining the position [28] - [31] . Knowledge of the initial rotor position is required for a controlled startup of the motor; three Hall-effect sensors are typically installed for this purpose [22] - [28] . The signal provided by these sensors is usually digitized, as only the presence of the magnet needs to be detected, as shown in Fig. 1 [28] , [30] , [34] . While digitization simplifies the signal acquisition and increases the noise immunity, it removes information contained in the analog signal, which could potentially be used to monitor the magnet condition, and more specifically the magnet temperature. Alternatively, Hall-effect sensors providing an analog signal [32] - [34] combined with analog inputs can be used. Examples of commercial drives using the analog signal from the Halleffect sensors can be found in [34] and [35] .
PM temperature can be estimated from the analog measurements of flux density obtained from the Hall sensors. The relationship between the PM flux B and the temperature is given by
where T PM , T PM0 are the present and reference PM temperatures, and α PM is the per unit temperature coefficient of the PM material. The Hall effect field sensor produces a voltage V PM (T PM ) which is proportional to the field, the PM temperature can be then estimated from
where α is coefficient α PM that takes the temperature influence of Hall sensor gain into account.
It can be seen from (2) that the PM temperature T PM can be estimated from the analog Hall effect sensor voltage output. While the principles of the proposed method are simple, there are several issues that need to be considered for its implementation, as they can influence the performance and reliability of T PM estimation. The potential issues to be considered can be summarized as follows.
1) Interference of the field produced by the stator current. Location and angle of orientation of Hall sensor(s) should be selected to have high sensitivity to the PM field while having low sensitivity to the field produced by the stator current. This issue is analyzed in detail in Section III. Compensation of the T PM estimate for stator currentproduced flux interference, and calibration of the T PM estimation algorithm is described in Section IV. 2) Effect of the nonlinear behavior of PM and Hall sensor properties, i.e., α PM and α are temperature-dependent. The variation in α PM with temperature is expected to be between -0.1 and -0.11 for T PM below 125°C, and between -0.1 and -0.15 for T PM below 175°C according to [11] . α PM depends on the specific NdFeB material used, and can be obtained from the PM manufacturer to estimate T PM from the flux density measurements. Since the main objective of estimating T PM in this paper is for protection purposes, it is expected that the preciseness of the temperature estimate would be sufficient with the PM material properties provided in the manufacturer specs. 3) Nonuniform temperature distribution within the PM.
There will be some difference between the hottest and coolest part of the PM depending on the structure and how the motor is cooled. This issue is not taken into account in this work since the purpose is to monitor T PM for protection, where action could be taken when it is excessive. The sensor will provide a lumped measurement, which implicitly assumes that the PM temperature is uniform. Consequently, nonuniform temperature distribution cannot be detected. It must be noted, however, that this limitation is common to all temperature estimation methods. 4) Dependence of the Hall-effect sensor output on the sensor temperature. This strongly depends on the type of sensor and on the circuit used to feed it. Hall-effect sensors are commonly fed from a constant voltage source [28] - [31] .
There is a significant dependence of the sensor output voltage on its temperature in this case (see Fig. 2 ), which could be a concern for the use of the sensor for magnet temperature estimation. However, temperature-compensated Hall-effect sensors can be easily found [33] , [36] - [40] . Alternatively, the Hall-effect sensors can be fed from a constant current source. The sensitivity of the sensor to temperature dramatically reduces, as shown in Fig. 2 .
III. FINITE ELEMENT ANALYSIS (FEA)
As mentioned in Section II, sensor location should be chosen to have high sensitivity to the PM field and low sensitivity to the field produced by the stator current. While this concern also exists when the Hall effect sensors are used for initial rotor position estimation [22] - [27] , the requirements for temperature estimation are more demanding, as not only the presence of the magnet but a precise measurement of its strength is required. A three-dimensional (3-D) finite element (FE) model, see Figs. 3 and 4, was used to analyze this issue. A schematic representation of the PMSM including the initial location of the sensor and the xyz coordinate system used for the analysis is shown in Fig. 3 . A more detailed representation is shown in Fig. 4 . The sensor provides field measurement in the xyz coordinates, which is useful for determining its optimal orientation angle. The details of the ratings and dimensions of the simulated machine are summarized in Table I .
The measurements provided by the sensor in the x, y, and z directions, when the sensor is displaced from the origin in the radial and axial directions ("r" and "a" in when the sensor is displaced radially. The highest sensitivity occurs in the z direction when the sensor is displaced 8 mm in radial direction. It is important to note, however, that in this case the sensor will be closer to the stator, which could result in an increased sensitivity to the field produced by the stator current, which is an undesirable feature. Finally, it can be seen from Fig. 5 (b) that the measured fields in all the three directions decrease when the sensor is displaced in the axial direction, i.e., the sensor is moved further away from the magnet, as expected. The field measured by the sensor as a function of the rotor angle, for different temperatures and when there is no fundamental current and the machine is rotating, is shown in Fig. 6 . It can be observed that the measurements in all the three directions are sensitive to temperature variations and could, therefore, be used for temperature estimation; the sensitivity being the highest in the y direction [see Fig. 6(b) ].
The same field measurements as Fig. 6 but for different magnitudes of the d-axis current are shown in Fig. 7 . The magnet temperature is kept constant in these simulation results. It can be observed that highest (undesired) sensitivity to the stator current occurs in the y axis [see Fig. 7(b) ], while the lowest (desired) sensitivity occurs on the z axis [see Fig. 7(b) ]. The same field measurements as Fig. 7 but for different magnitudes of q-axis current are shown in Fig. 8 . It can be observed in this case that the measurements are sensitive to the field produced by the q-axis current in all the axes (x, y, and z), with the highest (undesired) sensitivity for the y-axis and the lowest (desired) sensitivity for the z-axis. It can be concluded from Figs. 6-8 that aligning the field sensor with the z direction would provide the best trade-off between the highest possible sensitivity to the PM field variation and the lowest possible sensitivity to the field produced by the stator d and q-axis currents.
Finally, Fig. 9 shows the field measured by the sensors versus time for a constant temperature and for different machine speeds, when there is no fundamental current. It is observed from this figure that the sensors measurements are not affected by the rotor speed, which was an expected result as the magnet strength is a property of the magnet material, which does not depend on the speed.
IV. IMPLEMENTATION OF THE METHOD
A commercial IPMSM (motor 1) equipped with standard field sensors {i.e., one-dimensional (1-D) sensors [33] } will be used to analyze practical implementation issues. Rated parameters are shown in Table II . The end shield of the nondrive end (NDE) was replaced with a custom designed and machined shield for mounting Hall sensors A and B, an IR thermal sensor, and a position encoder, as shown in Figs. 10 and 11 . Two Hall sensors, A and B, were installed for measurement of the flux density, as described in Section III. The Hall sensors were oriented in the axial direction, i.e., z-axis direction (see Fig. 1 ), which is expected (based on FE analysis) to provide high sensitivity to PM flux and low sensitivity to stator current. The Hall sensors were fixed inside the motor to the end of the extension rods that protrude into the end shield, as shown in Fig. 11(a) . The rods were designed to be adjustable from the outside in the axial (z-axis) and radial (y-axis) directions by ±5 mm to be able to perform testing with Halls sensors at different positions, as shown in Fig. 11(b) . Once the position of the Hall sensors was determined, they were fixed by applying gypsum to the rod and sensor internal and external to the end shield, as shown in Fig. 10(a) .
A commercial IR thermal sensor was also fixed at a position in the end shield to point to the radial center of the PM of the rotor shown in Fig. 11(b) . It measures the average temperature of an area of a 5 mm diameter circle (from the 10 cm distance from the sensor) with a sampling frequency of 4.17 Hz. It should be noted that the measurement area sweeps both PM and the core as the rotor rotates; therefore, the average temperature of the PM axial surface and rotor core is being measured. Although this results in a not fully accurate measurement of T PM , it is sufficient to show the trend in the change in the PM temperature. To increase the rate of temperature rise, the shaft-cooling fan was removed and the motor was covered with thermal insulation.
A TMS320F28335 μ-controller was used to implement the IPMSM control, as well as acquisition of the temperature and Hall sensor data. Considering the large PM thermal time constant, T PM estimate was calculated once every minute from the rms value of the flux. The test motor was mechanically coupled to an 1800 r/min dc machine operated as a generator feeding a resistor bank (constant field voltage) to load the IPMSM test motor, as shown in Fig. 10(a) .
A. Compensation for the Influence of Stator Current Interference
The PM leakage flux is measured in the z-axis direction (see Fig. 1 ). It was concluded from Figs. 7 and 8 that the Hall sensor measurement is affected either by the d or q-axis currents. Therefore, the influence of the stator winding current on the Hall sensor measurement must be compensated to accurately estimate the PM temperature. A straightforward approach for compensating for the stator current produced flux is to measure the Hall sensor output as a function of the stator current magnitude at a fixed PM temperature during a commissioning process. This data can be stored and further used for real-time compensation during normal operation of the drive.
The rms output voltage from the two Hall sensors, A and B, shown in Fig. 11 (measuring the z-axis direction flux) is shown in Fig. 12 . Data were obtained with the stator current magnitude changing between 1 and 8.7 A in discrete steps (rated current is 8.2 A), while maintaining the PM under thermal equilibrium at room temperature. The angle between the d-and q-axis currents was maintained such that maximum torque per ampere (MTPA) is achieved when operated in the constant flux region at or below rated speed. As expected from the FE analysis (FEA) simulation results, the Hall sensor measurements are influenced by the stator current magnitude, following a quadratic variation with the stator current. It can also be seen that the measurements from both Hall sensors are slightly different, meaning that, as expected, the measurement is sensitive to the sensor location. The rate of change due to the stator current is also different for the two Hall sensors as their position relative to the PM has not been precisely adjusted. Tests at different speeds were conducted; they are not shown due to space constraints. It was concluded from those tests that the degree of interference is independent of the rotor speed, which is consistent with the simulation results shown in Fig. 9 .
The Hall sensor rms output voltage as a function of stator current V I can be calculated from the stator current rms value I qds , by fitting the data points with a quadratic curve
where c 0 , c 1 , and c 2 are coefficients that can be determined to minimize the error between the calculated and measured V I . The fitted curve of V I plotted with c 0 , c 1 , and c 2 values obtained using a commercial software tool is also shown in Fig. 12 . The "change" in V I , ΔV I , can be calculated from
To estimate the PM temperature from (2), ΔV I can be decoupled from the Hall sensor voltage measurement V for obtaining the compensated Hall sensor measurement
With the compensation for the interference from the flux produced by the stator current, V PM represents the Hall sensor measurement of PM flux. The coefficients for the quadratic equation ΔV I (I qds ) are required to be obtained once for the motor for the fixed location of the Hall sensor. It is finally noted that the calibration/compensation strategy shown in Fig. 13 and described by (3)- (5) can be applied when the d-and q-axis currents are controlled using a strategy different from MTPA.
B. Calibration of Hall Sensor
It can be seen in Fig. 12 that the Hall sensor measurement is sensitive to the location of the sensor. There also could be variance in the PM location within the rotor and in the Hall sensor characteristics from motor to motor that can influence the accuracy of the T PM estimate. Therefore, a calibration procedure for the individual motors is desirable for improving the quality of the T PM estimate. Calibration can be performed during the quality assurance testing stage for the individual motors after the motor has been assembled. It is also possible to implement the calibration procedure in the inverter and automate it as a built-in feature.
The uncompensated Hall sensor measurement V (T PM0 ) at a known reference temperature T PM0 can be obtained when motor (and PM) is at thermal equilibrium at which T PM0 is identical to the known ambient temperature. The V I curve as a function of I qds can be easily obtained by measuring V I while controlling I qds at different values for a short period of time. The data can be obtained at any speed since V I (I qds ) is independent of rotor speed (see Fig. 9 ). Coefficients c 0 , c 1 , and c 2 can be calculated from the V I (I qds ) curve and stored to perform the compensation algorithm shown in (3)- (5) to obtain V PM and T PM while the motor is operating. The compensated Hall sensor measurement V PM (T PM0 ) can also be calculated and stored. The flowchart of the proposed algorithm with the compensation and calibration procedures is summarized in Fig. 13 .
V. EXPERIMENTAL RESULTS
Experimental results using a 3-D field sensor prototype to verify the FEM results presented in Section III and experimental results using standard, i.e., commercial, 1-D field sensors will be shown in this section.
A. Experimental Results Using a 3-D Field Sensor Prototype
The field sensor prototype that will be used for the experimental verification for test motor 2 is shown in Fig. 14(a) [32] . Three field sensors are mounted to measure field in x, y, and z-axis directions. The field sensor is an ion-implanted magnetic field sensor made of monocrystal gallium arsenide semiconductor that provides a wide measuring range 0-3 T [32] . Fig. 14(b) shows the field sensor mounting, a hole has been practiced in the end frame of the machine to place the 3-D field sensor. The test bench used for the experimental verification on test motor 2 is shown in Fig. 14(c) . Parameters and design of the PMSM are the same as the machine used for simulation shown in Table I , and Figs. 3 and 4 .
The flux measured along y-axis direction for a machine temperature of 25°C and a speed of 2·π·50 rad/s, with no fundamental current (I dq = 0 A), is shown in Fig. 15 . The fast Fourier transform (FFT) of the flux measurement of Fig. 15 is shown in Fig. 16 . The magnitude of the fundamental component of the flux density (component at 50 Hz, see Fig. 16 ) will be used to experimentally evaluate the variation of the magnet flux with temperature, as well as with I d and I q currents (see Figs. 17  and 18 ).
The magnitude of the fundamental components of the flux density measured using the field sensor along x, y, and z-axis directions when the temperature of the machine changes from 25°C (i.e., room temperature) to 82°C is shown in Fig. 17 . The machine was first heated up to 82°C by injecting fundamental current and then it was cooled down naturally without injecting fundamental current (I dq = 0 A). It is observed that the field measured along the three axis directions increases as the magnet temperature decreases, the variation of the measured field being similar in all the three directions. These results are in good agreement with the FEA results that are shown in Fig. 6 .
The magnitude of the fundamental component of the flux density measurements using the 3-D field sensor along x, y, and z-axis directions when the d-and q-axis currents change from 0 to 1 p.u. are shown in Fig. 18 . It can be clearly observed that the field along the z-axis direction shows the lowest sensitivity to the field produced by the stator d-axis current, which is in good agreement with the simulation results shown in Fig. 5 . It can also be observed from Fig. 18(b) that the sensitivity to the field produced by the stator q-axis current is very similar along x, y, and z-axis directions, meaning that there is no preferential direction, i.e., a direction with very small or even negligible sensitivity to the field produced by the stator q-axis current.
Finally, the fields measured with the 3-D sensor along the x, y, and z-axis directions versus time for different speeds are shown in Fig. 19 . The trends observed in these results are consistent with the simulation results shown in Fig. 9 . However, it is observed that there are relative large differences in the flux density peaks provided by FEM (see Fig. 9 ) and experimentally measured (see Fig. 19 ). There are two major sources for these discrepancies: 1) differences in the end winding shape between the FE model and the real machine resulting from manufacturing tolerances; and 2) tolerances for the sensor assembling.
It can be concluded from the previous experimental results that z-axis direction provides the best trade-off between an increased sensitivity to the PM field and the decreased sensitivity to the field produced by the stator current, and that the measurements are independent of rotor speed.
B. Experimental Results Using Standard Field Sensors
Further experimental results have been carried out on motor 1, i.e., commercial machine equipped with commercial field sensors [33] , where the parameters of motor 1 are shown in Table II . To verify the proposed T PM estimation method under temperature variation, the load of the motor was varied by controlling the speed of the motor. The load of the machine is proportional to the square of the rotor speed with the field voltage and load resistor values fixed. The field voltage of the dc motor was adjusted to a constant value so that the motor draws stator current at its rated value of 8.2 A at 1800 r/min. The speed was controlled to be constant for 2 h at 1800, 900, and 1350 r/min, for a total of 6 h. The stator current decreased from 8.2 to 4.7 A, and increased to 6.6 A when the speed was controlled at 900 and 1350 r/min, respectively.
The IR sensor measurements of T PM and the Hall sensor A measurements before (V) and after (V PM ) compensation of stator current interference are shown in Fig. 20(a) and (b) , respectively, for the 6 h interval. The contribution of the stator current to the Hall sensor measurements (ΔV I ) for sensor A was subtracted from the rms value of the raw measurements (V) using (3)- (5) to compensate for the interference (see Fig. 10 ) to obtain V PM , as described in Section IV. It can be seen in Fig. 20(b) that the dc offset of the Hall sensor output voltage level depends on the stator current level. There is no shift in the dc offset level for the compensated V PM , and it decreases with increase in magnet temperature, and vice versa, as expected. The T PM estimate shown in Fig. 20 (c) was calculated using (2) from V PM . The value of α PM for the NdFeB magnet was not available, and a constant value of -1.2%/°C was determined experimentally (an ideal Hall sensor was assumed α = −1.2%/°C). The results show that the estimated T PM tracks the actual value with sufficient accuracy for thermal protection purposes [see Fig. 20(d) ]. An error between estimated and measured T PM as well as a delay can be observed [see Fig. 20(a) , (c), and (d)]. Potential sources for the error and the delay are as follows.
1) IR thermal sensor T PM measurement is the average of the PM axial surface and rotor core temperatures, and therefore, is expected to be lower than the average PM temperature.
2) The temperature distribution in the PM is nonuniform, where the temperature is the highest in the center, and the lowest at the point of measurement. 3) Hall sensor flux density measurement represents the overall change in the PM flux, whereas the IR sensor T PM measurement represents the local temperature at the PM axial surface (coolest spot). 4) Stator core magnetic characteristics (and, therefore, the characteristics of PM flux path) change with temperature (thermal time constant of stator core is much lower than that of the PM). 5) Variation in α PM and α with temperature is ignored (a constant value of α = −1.2%/ • C is used). Regardless of these errors, the accuracy is sufficient for monitoring and detecting excessive temperature rise that can result in degradation or damage of the PM. An important advantage of the proposed method over conventional thermal model based thermal monitoring methods is that it is not influenced by changes in the cooling ability of the motor since flux is a direct indicator of PM temperature.
VI. CONCLUSION AND RECOMMENDATIONS FOR FUTURE WORK
The feasibility of using the analog axial flux measurement obtained from Hall sensors for estimating the temperature of the PM in PMSM has been evaluated in this paper. The proposed approach takes advantage of Hall sensors used in most PMSM drives for detecting the initial rotor position. The method can provide nonintrusive estimation of the PM temperature with minimal design modifications to most existing systems. In addition, it is not influenced by changes in the thermal characteristics caused, e.g., by reduced cooling ability, and does not require prior knowledge of motor parameters. FE and experimental results showed that measurement of the axial direction flux provides relatively high sensitivity to the PM flux with relatively low sensitivity to the stator current induced flux. Compensation of the effect of stator current is still needed; a compensation technique has been proposed and experimentally confirmed. An experimental study performed on two IPMSM systems showed that the PM temperature can be estimated with accuracy sufficient for thermal monitoring purposes.
In addition to PM temperature estimation discussed in this paper, other potential uses of analog Hall effect sensors which are the subject of current research include the following.
1) PMSM fault detection: PM demagnetization (uniform or nonuniform), airgap eccentricities or stator core, and winding insulation failures. 2) High-resolution speed/position estimation. 
